The twinning activity in random textured cast magnesium during monotonic, room temperature tension and compression tests was monitored by neutron diraction. Decrease of integrated intensity which characterizes the twinned volume fraction of selected reections was compared to its Schmid factor. The comparison shows that twinned fraction correlates with the maximum value of the Schmid factor with high precision during tensile test and with the average value of the Schmid factor during compression test.
Introduction
Having the hexagonal close packed (hcp) structure and c/a ratio close to the ideal value the deformation behavior of magnesium alloys dier from the others, e.g. fcc or bcc metals. At room temperature the plastic deformation usually cannot take place by dislocation slip only [1, 2] . Thus, another deformation mechanism has to be activated. As it was shown by numerous authors [3] , deformation twinning plays a key role in plastic deformation of magnesium. The most easily activated twinning mode is {1012} 1011 extension twinning, which causes reorientation of the crystal lattice about 86.3
• and extension of the grain along its c−axis.
Unlike dislocation slip twinning exhibits a polar behavior. Dierent grains undergo twinning during tensile and compressive deformation and the evolution of the deformation texture depends on the sense of straining. There is an intensive discussion in the current literature [47] whether the activation of a given twin variant depends on its Schmid factor (SF), dened as m = cos φ cos λ, where φ and λ are the angles between the loading direction and the twinning plane normal and twinning direction, respectively.
The neutron diraction (ND) method has been successfully applied for the study of twinning in magnesium [8] . The main advantage of the ND method is in its capability to examine large sample volume, due to the deep penetration length of thermal neutrons. The information about twinning can be acquired by following the intensity changes of particular diraction peaks [8 10] . In the present paper the Schmid factor analysis is combined with the in situ ND study of the twinning evolution in a randomly textured MgAl magnesium alloy. Correspondence between the experimentally established * corresponding author; e-mail: jan.capek@centrum.cz twinned volume fraction and the calculated Schmid factors for extension twinning (TwSF) in particular grain families is analyzed.
Material and experimental methods
Binary Mg2 wt% Al alloy was used for the experiment. The ND measurement showed that the initial samples have random grain orientation distribution (Fig. 1) . The monotonic compression and tensile tests were performed at room temperature at a strain rate of 10 −3 s −1 . The test was stopped for approximately 70 min at particular strain values (0.1%, 0.5%, 1%, 2%, 3%, 4%, 5%, 6%) in order to collect the neutron diraction data. The SMARTS engineering instrument at LANSCE was used for collecting the diraction pattern [11] . The diraction patterns were measured using two detector banks at ±90
• to incident beam. The angle between the incident beam and the loading direction was 45
• . This setup provides diraction measurement of crystallographic planes both perpendicular (axial detector) and parallel (transversal detector) to the loading direction. We evaluated data from the axial detector which shows the grain orientation with respect to the loading direction. Contraction {1011} twins were not considered due to the low strain levels achieved. (762) Direct observations of the microstructure of the specimen deformed to 1% strain were performed by scanning electron microscope FEI Quanta 200F. The electron backscatter diraction (EBSD) was used to study of the activated twin variants. The specimens for EBSD investigations were polished by standard methods down to OPS colloidal silica suspension. The nal electropolishing was done by means of Struers AC-2-II electrolyte.
Results and discussion
Orientation dependence of the calculated TwSF is depicted in Fig. 2 . The measured orientations, representing grain families with a particular orientation are highlighted.
As it was shown in our concurrent paper [12] , there is a signicant dierence between the compression and tension case. In compression, if the c-axis of a particular grain is deviated from the ideal orientation (i.e. when the c-axis is perpendicular to the loading direction) by more than 47
• , the TwSF for all twin variants is ≤ 0. On the contrary, in tension the c-axis deviation angle (the ideal orientation for tension is c-axis parallel to loading direction) is larger (≈ 65
• ) and for some grains exists at least one twin variant, which has very low (< 0.1), but non-negative zero Schmid factor above this limit. The TwSF for all six variants in the measured grain families and their deviation of their c-axes from the ideal orientation are listed in the Table. A negative value means that the particular twin variant causes deformation against the sense of loading direction.
There is a distinct dierence between the tension and compression values. Close to the ideal orientation at least four twin variants have similar, large TwSF in tension, whereas only two in compression.
Only reections with decreasing intensities (i.e. grains favorably oriented for twinning) were taken into account. Therefore, the grain families considered in tension and compression respectively are dierent. The change of the intensities of particular reections with the applied strain is depicted in Fig. 3 . The rate of the change is proportional to the twinned volume fraction, as it was rst shown by Gharghouri et al. [8] , i.e. a larger slope means more twinning.
Five reections with the highest TwSF exhibit similar behavior in compression although the Schmid factors of their best twin variants vary a lot. It seems that the extension twinning is rather governed by the average value of the TwSF. This observation supports the conclusions of the works of Beyerlein et al. [5] and Guo et al. [7] . Based on the analysis of EBSD maps they found that in a compressed specimen the nucleation of a given twin variant strongly depends also on other parameters (grain boundary, orientation of the neighboring grains etc.). In particular cases, favorably oriented grains can remain untwinned or not the best twin variant is nucleated. Thus, the high maximum TwSF does not guarantee twin nucleation. Further, increase of number of twin variants per grain was found with decrease of maximum value of TwSF [5] . Such a behavior is presented on EBSD map in In tension, the rate of intensity drop corresponds to the values of TwSF. The largest drop (i.e. the larger twinned volume fraction) is observed for the best oriented grains and the twinning rate monotonically decreases with decreasing TwSF. In agreement with our previous work [12] , we found twins also in unfavorable oriented grains, as it is presented in Fig. 4b . TwSF of grain T1 are (0.01, 0.24, 0.38, 0.02, 0.26, 0.40) and of grain T2 (0.08, 0.11, 0.12, 0.11, 0.08, 0.18). In tension the number of nucleated twin variants per grain decreases with the decreasing value of maximum TwSF (see also Fig. 9a in [12] ). Unlike in compression, the twinned volume growth cannot be realized with nucleation of additional twin variant. Thus, the twinned volume fraction in the grains with a particular orientation is a univocal function of their TwSF (independently, if we take the maximum or average value nevertheless, due to the negative average values of m, considering the maximum value is physically more correct). 4 . Conclusion Extension {1012} twinning was studied by comparing ND and EBSD measurements and the Schmid factor analysis. The following conclusions may be drawn:
Tension:
The twinning behavior of particular grains is consistent with their twinning Schmid factors. The largest twinned volume fraction was found for the best oriented grains and with decreasing Schmid factor the twin volume fraction decreased as well. Twins were found also in grains having very low (< 0.1) but positive Schmid factor.
Compression:
The variation of the twin volume fraction follows the average Schmid factor of all six variants rather than the best variant. A decrease of number of twin variants per grain was found with increase of value of the Schmid factor.
